Introduction
Gastrointestinal (GI) disorders are common chronic complications in patients with diabetes mellitus (DM). One of the most frequently complained about GI symptom is abdominal pain or discomfort. 1, 2 It increases the morbidity of DM and worsens the quality of life of diabetic individuals since the current treatment options are very limited. The pathogenesis of GI disorders in diabetes is complex and multifactorial, including autonomic neuropathy, enteric neuronal loss, and oxidative stress. [3] [4] [5] [6] There is growing evidence indicating that oxidative stress may play an important role in the etiology and pathogenesis of diabetes and its complications such as lens cataracts, nephropathy, and neuropathy. 7 Hyperglycemia is one of the most important factors responsible for the development of oxidative stress, which underlies
Dovepress

1646
Sun et al the major complications in patients with type 1 or type 2 DM. [8] [9] [10] [11] Oxidative stress is characterized by the depletion of antioxidant defense and excessive production of oxygen free radicals, potentially leading to cell damage and destruction, and ultimately contributing to, and even accelerating the development of DM complications. 12 Emerging evidence suggests that GI disorders in diabetes may be the consequence of enhanced activities of primary afferent fibers, leading to an increased excitatory tone in spinal cord. 13, 14 Diabetic colonic hypersensitivity has been reported to be associated with the depressed Kv4.2 expression and function in primary sensory neurons innervating the colon. 14 Our previous study has shown that diabetic rats, induced by streptozotocin (STZ), showed a significant colonic hypersensitivity, which is likely mediated by enhanced function and expression of voltage-gated sodium channel (VGSC) NaV1.7 and NaV1.8 subunits in dorsal root ganglion (DRG) neurons. 15 These data strongly indicate that ion channels in the primary sensory neurons play a pivotal role in the development of colonic visceral hypersensitivity. Further studies have pointed out that reactive oxygen species (ROS) and reactive nitrogen species may change activities of voltage-gated Na + , Ca 2+ , and K + channels in the aging process. 16 ROS and reactive nitrogen species also activated and potentiated the TRPV1 and TRPM2 cation channels. 17, 18 Whether oxidative stress is involved in the modulation of NaV1.7 and NaV1.8 activities under diabetic conditions is not known.
α-lipoic acid (ALA), a powerful antioxidant, has been increasingly used as a dietary supplement recently. Various studies have shown the safety and efficacy of ALA in clinic application. [19] [20] [21] [22] Its antioxidant properties have made it a popular dietary supplement in several pathological conditions such as diabetic polyneuropathies and inflammation. 23 However, the detailed mechanisms underlying the ALA antioxidant effects remain largely unknown. Therefore, we hypothesized that ALA attenuated colonic visceral hypersensitivity through suppression of NaV1.7 and NaV1.8 expressions and functions in the DRG neurons innervating the colon in diabetic rats. To test this hypothesis, we chronically treated diabetic rats with ALA to examine expressions of NaV1.7 and NaV1.8 protein in DRGs. In the present study, we showed that ALA treatment significantly attenuated the colonic visceral hypersensitivity in diabetic rats. ALA treatment also suppressed VGSC expression, reduced channel current density, and reversed neuronal hyperexcitability of DRG neurons innervating the rat colon.
Materials and methods
Generation of STZ-induced diabetes
All animal experiments were approved by the Institutional Animal Care and Use Committee at the Soochow University and were in accordance with the guidelines of the International Association for the Study of Pain. Adult female Sprague-Dawley rats (weighing 160~180 g) were housed four per cage in a temperature-controlled (25°C±1°C) room and subjected to 12 hour-12 hour light-dark cycle. All rats were allowed access to tap water and standard laboratory chow ad libitum. Diabetes was induced by a single intraperitoneal (IP) injection of STZ (65 mg/kg, Sigma Chemicals, St. Louis, MO, USA), which was freshly dissolved in citrate buffer (10 mmol/L, Na citrate, pH 4.3~4.4), as described previously. 24, 25 The control (CON) rats only received citrate buffer in the same volume. One week later, fasting blood glucose concentration obtained from the tail vein was measured using a glucometer (Johnson & Johnson, New Brunswick, NJ, USA). Only rats with blood glucose concentration higher than 15.0 mmol/L (270 mg/dL) were included in the present experiments and data analyses.
Measurement of colonic sensitivity
All animals were habituated to the test environment for 1 week before measurement. Colonic sensitivity was measured by recording the response to colorectal distention (CRD) in rats, as described in detail previously. 26, 27 In short, these rats were anesthetized lightly with 1% Brevital (25 mg/kg, IP). A balloon made from a surgical glove finger and attached to tygon tubing was inserted 8 cm into the descending colon and rectum via the anus. Rats were allowed to adapt for 30 minutes. CRD was performed by rapidly inflating the balloon to a constant pressure measured using a sphygmomanometer connected to a pressure transducer. The balloon was inflated to various pressures: 20, 40, 60 and 80 mmHg, for a 20 second stimulation period followed by a 2 minutes rest. Behavioral responses to CRD were measured by visual observation of the abdominal withdrawal reflex by a blinded observer, and distention threshold (DT) was recorded in this study. DT was the minimal distention pressure to evoke abdominal visceromotor response. It was recorded in mmHg by giving a steady increase in distention pressure by sphygmomanometer. 28 Each measurement was performed twice. All behavioral studies were performed in a blinded manner.
Rotarod test
Rotarod test was performed as described in detail previously. 29 Briefly, rats were first placed on the Rotarod at a given 
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ALA attenuates diabetic visceral pain speed (from 5 rpm to 15 rpm) for 1 day or 2 consecutive days for training before the beginning of the experiment. After this training, most rats step voluntarily from the operator's hand onto the rod. The length of time that each rat is able to stay on the rod at a given rotation speed (15 rpm) was recorded before and after administration of ALA.
Cell retrograde labeling
As described previously, 27, 30 DRG neurons innervating the colon were labeled with a fluorescent dye DiI (Invitrogen, Carlsbad, CA, USA), which was injected into the colon wall. Rats were anesthetized with chloral hydrate (0.36 g/kg, IP), and their abdomen was opened and the colon was exposed. DiI (20 mg in 0.5 mL methanol) was injected in a 0.1 μL volume at 10 sites on the descending colon. The colon was washed and swabbed with normal saline (NS) before closing of the abdomen. One week later, rats were given STZ or citrate buffer injection IP. Three weeks after STZ injection, rats were treated with ALA or the same volume of NS once a day for consecutive 7 days. Then DRG neurons (T13-L2) innervating the colon were dissected out for patch-clamp recordings.
Acute dissociation of DRG neurons
As described previously, 27, 30 DRGs (T13-L2) were bilaterally dissected out from anesthetized rats and the connective tissue were removed. DRGs were quickly moved to an icecold, oxygenated fresh dissecting solution containing (in mM): 130 NaCl, 5 KCl, 2 KH 2 PO 4 , 1.5 CaCl 2 , 6 MgSO 4 , 10 glucose, and 10 HEPES and set to pH 7.2 (osmolarity: 305 mOsm). Then the ganglia were incubated in a 5-mL dissecting solution containing collagenase D (2.0-2.2 mg/mL; Roche, Indianapolis, IN, USA) and trypsin (1.5 mg/mL; Sigma, St. Louis, MO, USA) for 1.5 hours at 34.5°C. After the digestion, DRGs were washed. A single cell suspension was transferred onto glass cover slips for 30 minutes before recording.
Whole-cell patch-clamp recordings
The excitability of DRG neurons innervating the colon was measured using whole-cell patch-clamp recording as described previously. 31 Small-and medium-sized DRG neurons in red were recorded. The external solution contained (in mM) 130 NaCl, 5 KCl, 2 KH 2 PO 4 , 2.5 CaCl 2 , 1 MgCl 2, 10 HEPES, and 10 glucose (pH=7.2, adjusted with NaOH, osmolarity: 295-300 mOsm/kg·H 2 O). The pipette solution contained (in mM) 140 potassium gluconate, 10 NaCl, 10 HEPES, 10 glucose, 5 EGTA, and 1 CaCl 2 (pH=7.25, adjusted with KOH; osmolarity: 292 mOsm/kg·H 2 O). Whole-cell current and voltage were recorded with an HEKA EPC10 patch-clamp amplifier. The data were acquired and stored in a computer and analyzed using Fit Master from HEKA. Cell input resistance (R in ), cell membrane capacitance (C m ), rheobase, resting membrane potential (RP), action potential (AP) threshold, AP overshoot, and duration elicited by current stimulation were characterized. The frequency of APs stimulated by 2 times (2×) and 3 times (3×) rheobase and ramp current stimulation was recorded under current clamp mode.
Isolation of NaV currents
Voltage-gated sodium currents were examined by patchclamp recordings under voltage-clamped conditions, as described previously. 15 The sodium currents were isolated by blocking the K + and Ca 2+ currents with appropriate ion replacements and channel blockers. [32] [33] [34] The NaV currents were recorded in response to every stimulation potential from -70 to +50 mV in 10 mV increments. The peak sodium current was measured as the peak of the current at every given voltage, and the current densities (pA/pF) was measured by dividing the current amplitude by C m . The equation for the calculation of membrane conductance (G) is G=I/ (V m -V rev ), where I is the peak sodium current measured at different test potentials, V m is command voltage, and V rev is reversal membrane potential, which is calculated to be +78 mV for sodium based on experimental solutions. Normalized average conductances (G/G max ) were plotted against the given membrane potentials. Data were then fit with the following modified Boltzmann equation:
where V is membrane potential, V 1/2 is the membrane voltage at which the current was half-maximally activated, and k is the slope factor. 15 Inactivation curves for sodium currents were measured using a two-pulse protocol: an 80 ms prepulse between −90 and +30 mV, followed by a 30-ms test pulse to +20 mV. The peak current amplitude was normalized to that recorded at a 90 mV conditioning step (I max ). Data were plotted as a function of conditioning step potentials and fit with the following negative Boltzmann equation:
where I is the current, I max is the maximal current, V 1/2 is the membrane potential for half-activation, V m is the command potential, and k is the slope factor.
Western blotting analysis
Expressions of NaV1.7 and NaV1.8 in colonic DRGs (T13-L2 DRGs) from diabetic and CON rats were determined using western blotting analysis, as previously described in detail. 15 The primary antibodies used to probe the target proteins 
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Sun et al included rabbit anti-NaV1.7 or anti-NaV1.8 (1:200, Alomone Labs, Jerusalem, Israel), rabbit anti-GAPDH (1:1000, Biotechnology Co., CHN), and mouse anti-actin (1:1000; Chemicon, Temecula, CA, USA). The secondary antibodies included anti-rabbit peroxidase-conjugated secondary antibody (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-mouse horseradish peroxidase-conjugated secondary antibody (1:4000; Chemicon).
Statistical analysis
All data are expressed as means ± standard error of mean. Statistical analysis was conducted using software OriginPro 8 (OriginLab, Northampton, MA, USA) and Matlab (Mathworks, Natick, MA, USA). Normality was checked for all data before analysis. Significance was determined using Dunn's post hoc test following Friedman analysis of variance (ANOVA), two-sample t-test, paired-sample t-test, Mann-Whitney test, one-way repeated-measures ANOVA, or two-way repeated-measures ANOVA followed by Tukey post hoc test, as appropriate. Results were considered statistically significant when a p-value was less than 0.05.
Results
ALA attenuated colonic visceral hypersensitivity in rats with diabetes
After a single IP injection of STZ, blood glucose level and colonic hypersensitivity were measured every 2 weeks until 8 weeks after the injection. As we have showed in the previous study, 15 majority of the rats developed hyperglycemia compared with CON rats and also developed colonic hypersensitivity, as measured by DT in response to CRD. Four weeks after STZ treatment, a total of 24 diabetic rats were IP injected with ALA in different doses (30, 60 , and 120 mg/kg). The DT to CRD was measured from diabetic rats 30 minutes after ALA treatment. NS had no significant effect on the DT. However, ALA at 30, 60 and 120 mg/kg all resulted in a dramatic increase in the DT to CRD ( Figure 1A , n=6 for each group, **p<0.01, compared with Pre, two-way repeated-measures ANOVA followed by Tukey post hoc test). Then, we used ALA at 60 mg/kg to determine the time course of ALA effects. As shown in Figure 1B , the ALAinduced analgesic effect lasted for ~24 hours ( Figure 1B , n=6 for each group, *p<0.05, compared with Pre, one-way Figure 1 ALA attenuated colonic hypersensitivity in rats with diabetes. Notes: (A) ALA at 30, 60, and 120 mg/kg resulted in a dramatic increase in the DT to CRD, and NS had no significant effect on the DT (n=6 for each group, **p<0.01, compared with Pre, two-way repeated-measures ANOVA followed by Tukey post hoc test). (B) Time course of ALA-induced analgesic effect. ALA at 60 mg/kg significantly increased the DT at 2 hours, which lasted for ~24 hours (n=6 for each group, *p<0.05, compared with Pre, one-way repeated-measures ANOVA followed by Tukey post hoc test). (C) ALA at 60 mg/kg had no significant effect on the DT in age-and sex-matched healthy CON rats. 
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ALA attenuates diabetic visceral pain repeated-measures ANOVA followed by Tukey post hoc test). ALA at 60 mg/kg did not produce significant effect on the DT in age-and sex-matched healthy CON rats ( Figure 1C , n=6 for each group, p>0.05, compared with Pre, two-sample t-Test). In addition, ALA at 60 mg/kg did not affect motion on Rotarod in diabetic rats ( Figure 1D, n=6, p>0 .05, compared with Pre, paired-sample t-test).
ALA reversed hyperexcitability of DRG neurons
Fluorescent dye DiI was injected into the colon wall, which helped trace, in a retrograde manner, DRG neurons innervating the colon (Figure 2A) . One week later, rats were given STZ or citrate buffer injection IP. Three weeks after STZ injection, ALA at 60 mg/kg or NS in the same volume was injected (IP) once a day for consecutive 7 days. T13-L2 DRGs were dissociated acutely, and small and medium-sized DRG neurons in red were recorded ( Figure 2B , arrow), as we have shown in a previous study. 15 ALA treatment significantly reduced excitability of colonic DRG neurons, compared with NS. The resulted showed that ALA treatment reduced RP of colonic DRG neurons from diabetic rats ( Figure 3A , **p<0.01, compared with NS, Mann-Whitney test). AP threshold was depolarized in ALA group compared with NS group (Figure 3B , **p<0.01, compared with NS, twosample t-test). Rheobase was much higher in ALA group than in NS group ( Figure 3C , **p<0.01, compared with NS, Mann-Whitney test). ALA at 60 mg/kg and NS did not produce significant effect on the frequency of APs in response to 2 times (2×) rheobase and three times (3×) rheobase current stimulation in DRG neurons from diabetic rats ( Figure 3D-G, 
p>0.05, Mann-Whitney test and two-sample t-test).
In addition, ALA treatment reduced the frequencies of APs in response to 0.1, 0.3, and 0.5 nA ramp current stimulation in diabetic rats, compared with NS ( Figure 4A -C, *p<0.05, **p<0.01, compared with NS, Friedman ANOVA). Furthermore, at the 0.1, 0.3, and 0.5 nA stimulation, the time to first spike (TTFS) was significantly long in ALA group than in NS group ( Figure 4E -G, *p<0.05, **p<0.01, Friedman ANOVA). But at the 1.0 nA stimulation, the frequencies of APs and TTFS did not alter after ALA treatment ( Figure 4D and H, p>0.05, Friedman ANOVA) .
The other membrane properties are shown in Table 1 . There was no significant difference in cell size, C m , R in , AP overshoot, and AP duration (at 0 mV) of DRG neurons innervating the colon in ALA group compared with NS group. Figure 5A shows examples of VGSCs recorded from NS (left) and ALA-treated diabetic rats (right). The membrane potential was held at -60 mV, and depolarization steps from -70 mV to +50 mV in 10 mV increments with duration of 80 ms were used to activate NaV channels. The amplitude of sodium current decreased in ALA-treated diabetic rats. The peak current-voltage (I-V) curves are shown in Fig- ure 5B. ALA injection significantly decreased the average of peak sodium current densities in DiI-labeled neurons compared with the NS group ( Figure 5C , NS: -75.82±7.31 pA/pF, n=10; ALA: -47.23±6.39 pA/pF, n=13, **p<0.01, Mann-Whitney test).
ALA decreased sodium current densities of DRG neurons
We also analyzed the dynamic modification of activation and inactivation responses of sodium currents. Activation of the I-V relationship was constructed from I-V curves of neurons from NS-and ALA-treated diabetic rats ( Figure 6A ). V 1/2 did not change significantly after ALA treatment ( Figure  6B , n=10 for each group, p>0.05, compared with NS group, Mann-Whitney test), whereas k changed significantly after ALA treatment ( Figure 6C , n=10 for each group, *p<0.05, compared with NS group, Mann-Whitney test). Furthermore, we determined the effect of ALA on the voltage dependence of steady-state inactivation of sodium channels of coloninnervating DRG neurons. The membrane potential was held at -60 mV, and voltage steps were from -90 mV to +30 mV 
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Sun et al with 10 mV increments and 80 ms duration. For steady-state inactivation curve, the peak current amplitude was normalized to that recorded at a 90 mV conditioning step (I max). ALA treatment did not alter the inactivation curve compared with NS group ( Figure 6D ). Both V 1/2 and k did not alter after ALA treatment ( Figure 6E and F, n=9 for each group p>0.05, compared with NS, Mann-Whitney test).
ALA downregulated NaV1.7 and NaV1.8 expression
Three weeks after STZ treatment, ALA at 60 mg/kg or NS in the same volume was IP injected once a day for consecutive 7 days in diabetic rats. ALA treatment significantly suppressed NaV1.7 and NaV1.8 expression at protein levels in diabetic rats, compared with NS. Anti-NaV1.7 antibody ( Figure 7A ) and anti-NaV1.8 antibody ( Figure 7B ) labeled a 226-kDa and 220-kDa molecular mass protein, respectively. The expressions of NaV1.7 and NaV1.8 were decreased significantly after ALA treatment ( Figure 7A and 7B, *p<0.05, **p<0.01, compared with NS, two-sample t-test). The relative density for NaV1.7 was 0.67±0.08 (n=4) and 0.32±0.04 (n=4) in NS and ALA, respectively. The relative density for NaV1.8 was 0.99±0.09 (n=5) and 0.62±0.07 (n=4) in NS and ALA, respectively.
Discussion
GI dysfunction and complications are very common in DM. More than 75% of diabetic patients show one or more GI symptoms such as early satiety, postprandial fullness, bloating, nausea, vomiting, constipation, diarrhea, abdominal pain, and fecal incontinence. 35 It was reported that STZ injection led to gastric and colonic hypersensitivity, 25, 36 in addition to peripheral sensorimotor neuropathy in rats. 24, 37 Recently, we have reported that diabetic rats display colonic visceral hypersensitivity in response to CRD. 15 In the present study, we provided direct evidence for the first time to demonstrate that systematical application of ALA significantly attenuated the colonic visceral hypersensitivity in rats with diabetes. The current findings are significant because ALA possesses beneficial effects in the treatment of diabetes not only for the nephropathy, retinopathy, and vascular diseases but also for the GI complications. However, the mechanisms underlying the ALA antinociceptive effect in GI tract remain unknown. We have previously demonstrated that DM rats displayed 
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ALA attenuates diabetic visceral pain hyperexcitability of DRG neurons innervating the colon. 15 Moreover, the sodium current density and the expression of NaV1.7 and NaV1.8 were remarkably enhanced in colon DRGs of rats with diabetes, 15 indicating that both NaV1.7 and NaV1.8 play an important role in generation of diabetic colon hypersensitivity. This is consistent with previous reports that both NaV1.7 and NaV1.8 are involved in chronic pain conditions. 38, 39 Since ALA attenuated the colonic visceral hypersensitivity, it is reasonable to hypothesize that ALA treatment attenuated the colonic visceral hypersensitivity through suppressing NaV1.7 and NaV1.8 expressions and sodium current density in colon DRG neurons of rats with diabetes. Indeed, we showed that ALA treatment reversed neuronal hyperexcitability of colon-specific DRGs in rats with diabetes. This conclusion is mainly based on the observations that ALA hyperpolarized the RPs, depolarized the AP threshold, increased rheobase, and decreased numbers of APs evoked by ramp current stimulation. Although the reason why ALA treatment did reduce the numbers of APs evoked by 2× and 3× rheobase current stimulation, our electrophysiological data support the behavioral findings that ALA dramatically reduced the DT in diabetic rats. Very importantly, we also showed that ALA greatly suppressed the expression of NaV1.7 and NaV1.8 and remarkably decreased sodium current density in colon DRG neurons of rats with diabetes.
How ALA affects NaV1.7 and NaV1.8 expression and function has not been investigated. It is possible that ALA 
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Sun et al effect is through antioxidant mechanisms since it is recognized as a strong antioxidant. Diabetic complications are closely associated with enhanced oxidative stress. 40 Oxidative stress is an increase in concentration of ROS in cells and tissue, which leads to lipid, protein and DNA damage due to peroxidation and ultimately to cell death. 41 In addition, ROS affects ion channel expressions and functions directly and indirectly. For example, ROS can be the underlying cause of increased the calcium-activated K + channel activity in the microvasculature. 33 It was also reported that the activity of brain voltage-dependent Ca 2+ channels, which are the key factors in the genesis and procession of brain aging and neuronal diseases, is enhanced by oxidative conditions such as toxic fragments or direct oxidation with H 2 O 2. 16 In neurodegenerative process, ROS may play a crucial role in modulation of voltage Na + channels and cause changes in the properties of voltage sensitivity of Na + channels that may play a relevant role in the regulation of membrane excitability. 33 Moreover, ion channel modulation by ROS may occur in several different ways, including posttranslational modification of channel proteins, alterations in the gene expression and activity of channels, and alterations in trafficking or turnover of channel proteins. An example is the activation of the MAPK pathways by ROS or oxygen radical activation of NF-κB. 42 Therefore, ROS may impact ion channel function via both direct oxidation and indirect dysregulation of their signaling pathways. ALA increased glutathione level in vivo and in vitro, 43 which is an important endogenous antioxidant. They can significantly reduce ROS production. We hypothesized that ALA regulates the expression of NaV1.7 and NaV1.8 through reducing ROS activity.
In addition, ALA has significant anti-inflammatory effects. It was reported that ALA downregulated the expression of redox-sensitive proinflammatory proteins including TNF and inducible NO synthase. 22, 43 ALA has also been reported to inhibit TNF-α-induced NF-κB activation through a different mechanism from its antioxidant effect. 44 On the other hand, inflammation is one of the important mechanisms of diabetic neuropathy and plays an important role in the regulation of ion channel expression and function. Clinic studies have shown that blood plasma TNF-α levels are higher in painful diabetic patients than normal CONs and that the severity of pain is positively correlated with the plasma TNF-α levels. 45 The increased TNF-α upregulated the expression of NaV1.7 in DRG neurons. 45 It was also reported that peripheral inflammation enhanced NaV1.8 46 and TRPV1 function 47 in DRG neurons. All those changes induced by inflammation contributed to the neuronal hypersensitivity and persistent pain. Therefore, ALA suppressed the expressions of NaV1.7 and NaV1.8, which is likely via inhibition of inflammation. However, these hypotheses need to be confirmed by further studies.
Conclusion
In conclusion, ALA attenuated colonic visceral hypersensitivity in rats with diabetes, which might be mediated by downregulation of NaV1.7 and NaV1.8 expression and function. ALA might be a potential therapeutic strategy Notes: (A) Western blots for NaV1.7 of T13-L2 DRGs from NS-and ALAtreatment rats. Bar graph showed mean density relative to GAPHD for NaV1.7. ALA treatment greatly reduced expressions of NaV1.7 (n=4 for each group, **p<0.01, compared with NS, two-sample t-test). (B) Western blots for NaV1.8 of T13-L2 DRGs from NS-and ALA-treatment rats. Bar graph showed mean density relative to β-actin for NaV1.8. ALA treatment greatly reduced expressions of NaV1.8 (n=5 for NS group, n=4 for ALA group, *p<0.05, compared with NS, two-sample t-test). Abbreviations: ALA, α-lipoic acid; DRG, dorsal root ganglion; NS, normal saline. 
